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GAS KINETIC COLLISION RATE
AT INTERFACE

J vccoll g= 1
4

Jcoll = Collision rate, amount area-1 time-1

v = Mean molecular speed, length time-1; v R T M= ( / ) /8 1 2
g π

cg = Concentration on gas side of interface, amount volume-1



CONDENSATION FLUX AT INTERFACE

J v cc c g= 1
4

α

αc = Condensation coefficient, dimensionless

EVAPORATION FLUX AT INTERFACE

J v ce e g= 1
4

α *

αe = Evaporation coefficient

cg* = Hypothetical equilibrium gas-phase concentration on condensed-
phase side of interface



NET FLUX AT INTERFACE

J J J v c c= − = −c e c g e g
1
4

( )*α α

J = Net flux (gas phase to condensed phase)

DETAILED BALANCE ARGUMENT

At equilibrium c cg g* =  and J = 0, whence α α αc e m= = , where

αm = Mass accommodation coefficient

Whence we obtain the

HERTZ-LANGMUIR-MARCELIN-KNUDSEN
EQUATION FOR INTERFACIAL MASS TRANSPORT

J v c c= −1
4

αm g g( )*



MASS ACCOMMODATION COEFFICIENT

Comptes rendus, 1914



EQUIVALENT EXPRESSION IN TERMS OF
PARTIAL PRESSURES

By ideal gas law, c p R Tg g= / , whence

J v
p p

R T
= −1

4
αm

g

( )*

p = Partial pressure on gas side of interface

p* = Hypothetical equilibrium gas-phase partial pressure on condensed-
phase side of interface       (fugacity)



EVAPORATION RATE OF WATER
What is the evaporation rate of water assuming α = 1 and no
other mass transport limitation?



EVAPORATION RATE OF WATER
What is the evaporation rate of water assuming α = 1 and no
other mass transport limitation?

ANSWER
At 25 ˚C, 20 cm min-1

The mean residence time
of a water molecule on
the surface is 70 ns.

The surface of water is a region of “heavy traffic.”
- Adamson



EXTENSION TO AQUEOUS CONCENTRATIONS
OF DILUTE VOLATILE SOLUTES

According to Henry’s law p c H* /= aq

p* = Hypothetical equilibrium gas-phase partial pressure on solution
side of interface (fugacity)

caq = Concentration of solute on solution side of interface

H = Henry’s law coefficient, commonly in M atm-1   (SI: mol kg-1 Pa-1)

Whence

     Dimensionless 
Henry's law coefficient

J v
p c H

R T
v c c HR T=

−
= −1

4
1
4

α αm
aq

g
m g aq g

( / )
( / )



REMARKS ON
MASS ACCOMMODATION COEFFICIENT

α ≡ ≥
J

J

J

J
gross

coll

net

coll

The mass accommodation coefficient is a phenomenological quantity.

The definition assumes no properties of the surface  — how sharply
defined, how rapidly bonds are being made or broken or the like.

The definition assumes no mechanism of accommodation.

In particular, there is no presumption one way or the other of a potential
energy well at the surface.



REASONS FOR WANTING TO KNOW α
Discovery-oriented science: Grand quest for knowledge about the

universe — the physics and chemistry of matter.

Practical: Rate of sublimation of tungsten lamp filaments.

Practical: Influence on rates of gas-liquid reactions in chemical
engineering.

Practical: Rate of uptake and reaction of reactive gases in the
stratosphere.

Practical: The role of interfacial mass transport in limiting the rates of
aqueous-phase reactions in clouds.



SYSTEMS OF INTEREST
Solids

Pure substances
Uptake of trace gases

Liquids
Pure substances

Water!!
Solutions - solvent

Solvent
Solute - dilute solutions of volatile gases

Non-reacting
Reacting

Liquids with surface films
Solvent
Solute



CONDENSATION COEFFICIENT FOR WATER
Pruppacher and Klett, Microphysics of Clouds and Precipitation (1978)

Experimental values for
αc are listed in two cat-
egories: (a) those derived
from observations on a
quiescent or quasi-
quiescent water surface,
and (b) those derived
from a rapidly renewing
surface.  Since the latter
conditions are not likely
to be realized in clouds,
we recommend the
values for αc given in
(a) for cloud physics
computations.  These
values range approx-
imately from 0.01 to
0.07, with an average of
αc ≈ 0 035. .

ff




CONDENSATION COEFFICIENT FOR WATER
Why so hard to measure?

1. Diffusion limitation.  Water vapor has a high equilibrium
vapor pressure.

2. Latent heat.  Water condensation/evaporation releases/takes
up a large amount of heat.

3. Clausius-Clapeyron.  The large latent heat implies a strong
temperature dependence of equilibrium vapor pressure.

4. Le Chatelier.  The change in vapor pressure acts to resist the
condensation or evaporation, thus masquerading as a surface
resistance.

So every mass-transfer problem involving water condensation
or evaporation is inherently also a heat-transfer problem!



STATE OF KNOWLEDGE - 1970
Gas-Liquid Reactions,  Danckwerts (1970)

“ The rate of absorption [of a gas by a liquid] can never be larger than
the rate at which molecules of the gas impinge on the surface. . . .

“ [Neglecting gas-phase diffusion] the rate of impingement is given by

J vp R Tm g= 1
4

/

“ If a fraction (1-α) of the incident molecules is reflected without
entering the liquid, then gas molecules enter the liquid at a rate αJm.

“ The net rate of transference, J, is not equal to αJm because there is
simultaneous passage of molecules in the opposite sense.

“ If α = 1, none of the impinging molecules is reflected and the ‘surface
resistance’ has its lowest possible value.

cont'd . . .



STATE OF KNOWLEDGE - 1970 (cont'd)
Gas-Liquid Reactions,  Danckwerts (1970)

“ If the fraction of molecules reflected, 1 - α, were to approach unity it
might be possible to detect the resulting surface-resistance by
measuring Q [the amount of uptake; time integral of R] for short
enough contact times.

“ Although some experiments have suggested the existence of a
measurable resistance, this was probably due to experimental error.

“ Other experiments with laminar jets . . . and with CO2 diffusing into
quiescent water . . . have revealed no appreciable resistance.

“ Surfactants give rise to a measurable resistance.



STATE OF KNOWLEDGE - MID 1970’S
Mass Transfer,  Sherwood, Pigford & Wilke (1975)

“ Published values of α for liquids range from 1.0 to 0.02, or even
lower, and values as low as 10-9 have been reported for solids.

“ . . . Values of α for water of 0.042 at 0˚C and 0.027 at 43˚C.

“ Experimental determination of α requires the measurement of the
surface temperature. . . .  This leads to errors, since the temperature
gradient at the surface can be very steep.

“ . . . Question the validity of most of the values of α reported because
of questionable surface temperatures.

“ . . . Using a laminar jet and an ingenious method to measure surface
temperature obtained α  ≈ 1.0 for water.

“ It is conceivable that most of the published data are in error, and that α
is essentially unity for all simple liquids.

“ Not only is there no useful theory to employ in predicting α, there is
also no easy way to experimentally measure it.





Baldwin and Golden, Science, 1979



Baldwin and Golden, Science, 1979

steve


steve
lower



Baldwin and Golden, Science, 1979

steve


steve
lower

steve
      >>

steve
>>

ff


ff


ff


ff
 

ff
>





WHY DID BALDWIN AND GOLDEN
GET SUCH LOW VALUES OF γ?

Collision reaction probabilities γ for uptake of O3, SO2, NO,
NO2, alkenes, alkanes, CF4, CCl2F2 on concentrated sulfuric
acid all less than 10-6.

Because there was no sink in the condensed phase!

They were measuring (and reporting) an uptake coefficient γ,
not a mass accommodation coefficient α.



REQUIREMENTS FOR MEASURING α
What you want:  α =

J v

c

gross,i

gas,i

/ ( )1
4  or 

J v

c c

net,i

gas,i soln,i*

/ ( )

( )

1
4

−

What you measure:   Γ =
−

J v

c c

net

gas soln*

/ ( )

( )

1
4 .

Resistance (Conductance) Analogy

1 1 1 1
Γ Γ Γ

= + +
gas solnα

Measure steady state or transient

Bulk Gas Phase

Gas-phase Side
   of Interface

Solution-phase Side
     of Interface

Bulk Solution Phase

A

Vi Vo

Vs

Minimize or account for gas and solution resistances.  Do not assume Vs = 0.



IMPORTANCE OF α TO CLOUD
CHEMISTRY AND MICROPHYSICS

• Cloud formation processes

What role does the mass accommodation coefficient of water
on liquid water play in the kinetics of cloud formation?

• Uptake and reaction of gases in liquid water clouds

Knowledge of the mass accommodation coefficient is
essential to describing the coupled reaction and mass transport
kinetics in liquid-water clouds.

• Uptake and reaction of gases in polar stratospheric clouds

Knowledge of the mass accommodation coefficient is
essential to describing uptake and reaction of gases in PSCs.



UPTAKE FLUX
Dependence on radius for various uptake coefficients
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Diffusion Controlled — 
Insensitive to Interfacial Resistance

1

eff dΓ Γ
= +1 1

0γ γ α0 1= −( / )*c c

Γd
gKn == 4

3

4D

va

J cv= 1
4

Γeff

Controlled by
Interfacial Resistance



AQUEOUS-PHASE REACTIONS IN CLOUDS
Coupled mass-transport and reaction system
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TEXTBOOK MATERIAL



COUPLED MASS TRANSPORT AND
AQUEOUS REACTION KINETICS

  G G
g

( ) ( )∞ →←
D

a

   G A( ) ( )a a
α→←

A A
aq

( )a
D
→←

      A( )
( )

a k product
1

→

At steady state:

[ ( )]
( )

( ) ( )
A g

g
a Hp

HR T k

HR T k k

mt

mt
=

+

−

−

1

1 1

where   k
a

D

a

vmt = +







−2 1

3 g

4
3 α

kmt derived by matching diffusive and interfacial fluxes at the interface.

There is a suite of essentially equivalent such expressions that depend on
the details of the flux matching, for example Fuchs-Sutugin.

The steady state expression allows criteria to be expressed for the absence
of mass-transport limitation (very slow-reaction limit of Danckwerts).

Schwartz, in Chemistry of Multiphase Atmospheric Systems, 1986



MASS TRANSPORT RATE COEFFICIENT
 Comparison of Fuchs-Sutugin and

Simple flux match expressions
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Difference never exceeds 16% and is usually much less.  Use of Fuchs-Sutugin
expression is hard to justify unless Dg is known to corresponding accuracy.



IF MASS TRANSPORT IS FAST. . .

• Replenishment by mass transport is much faster than
depletion of the dissolved reagent gas by reaction on the water
side.

• Aqueous phase can be treated as saturated in the reacting gas,

c Hpaq =

• For aqueous rate law R k caq aq= ( )1  , then R Hk paq = ( )1 .

• The rate per volume of air is R LHk pvol = ( )1  where L is liquid
water volume fraction.

• The saturation assumption requires criteria to establish that
the mass transport is sufficiently fast.



CRITERIA FOR ABSENCE OF
MASS-TRANSPORT LIMITATION

Phase Criterion

Interface Hk
v

R Ta
( )1

4
≤ ε α3

g

Gas Hk
D

R Ta
( )1

2

3
≤ ε g

g

Aqueous k
D

a
( )1

2

15
≤ ε aq

ε ≤ 0 1.  represents maximum allowable fractional departure from
uniformity.  In the following ε = 0 1. .

Schwartz, in Chemistry of Multiphase Atmospheric Systems, 1986



MASS-TRANSPORT LIMITATION INEQUALITIES
Mass-transport limitation is absent for points below and left of lines.

Schwartz, Atmos. Environ., 1988



MASS-TRANSPORT LIMITATION INEQUALITIES
Mass-Transport Limitation of S(IV) in Ozone–Sulfur-IV Reaction

Schwartz, Atmos. Environ., 1988



MASS-TRANSPORT LIMITATION INEQUALITIES
Mass-Transport Limitation of O 3 in Ozone–Sulfur-IV Reaction

Schwartz, Atmos. Environ., 1988



MASS-TRANSPORT LIMITATION INEQUALITIES
Mass-Transport Limitation in H2O2–Sulfur-IV Reaction

Schwartz, Atmos. Environ., 1988



JPL Publication 97-4

Chemical Kinetics
and Photochemical
Data for Use in
Stratospheric
Modeling
Evaluation Number 12
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and Photochemical
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UPPER LIMIT TO MASS
ACCOMMODATION COEFFICIENT?

For mass accommodation the flux in is: J v ci i g= 1
4

α

Consider mass de-accommodation.  The flux out is : J v co o aq= 1
4

α

By detailed balance at equilibrium: α αi g o aqc c=

Note: 
α
α

i

o
g= HR T  is an equilibrium constant (Henry's law coefficient).

Aside: 
α

α
i

i1 −
 is not an equilibrium constant.

Whence: α α αi o
aq

g
o g= =

c

c
HR T

Mass de-accommodation coefficient cannot exceed unity: α      o  ≤ 1

Whence upper limit on αi: αi g≤ HR T  or 1, whichever is less.
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WHERE DOES THIS KICK IN?

• R Tg ≈ 25 atm M-1, so the solubility limit to αi becomes restrictive for
H <~ .0 04 M atm-1.

• For ozone, H292 = 0.014 M atm-1 implies an upper limit αi <~ .0 5.
Compare measurement: α292 ≥ 2 × 10-3.

• Certainly this is of no importance in atmospheric chemistry.

• Solubility limit to αi would be well less than 1 for low solubility
organics.

• Is this surprising?  Doesn't  HR Tg < 1 imply a free energy barrier to
dissolution?  This would imply at least as much barrier to αi.

• Is this of any but academic importance?  Is it even of academic
importance?



CONCLUSIONS AND FUTURE DIRECTIONS

• The atmospheric science community now has a good understanding of
the concept of mass-accommodation and its atmospheric implications.

• For uptake of reactive gases in liquid-water clouds mass accommodation
can be controlling for α <~

 
10-2 and increasingly likely controlling for

α <~ 10-4.

• For a given value of α, whether or not mass accommodation is actually
controlling depends on solubility and aqueous kinetics for the situation
of interest.

• Work in the past 15 years has placed mass accommodation coefficients
of volatile gases on water and aqueous solutions on a firm foundation,
including dependence on temperature and composition.

cont'd . . .



CONCLUSIONS AND FUTURE DIRECTIONS

• Mass accommodation coefficients are available for key substances taken
up by tropospheric liquid clouds.

• Mass accommodation does not appear to be controlling for SO2

oxidation in tropospheric liquid clouds.

• Lab studies show mass accommodation is not controlling in lab drops.
What about the atmosphere?  Real drops?  Role of surface films?

• To what extent, if any, does mass accommodation control response of
submicrometer particles to changes in relative humidity?

• Future work may focus more on understanding the chemical physics of
mass accommodation than on practical applications.


